For detailed study of the relationship between boiling bubble behavior and inner wall temperature during flow boiling in microtubes, a transparent heated microtube, whose inner wall was coated with a thin gold film, was employed. Boiling behavior could be observed clearly, and the inner wall temperature of the tube was measured simultaneously with direct heating of the film. 
Introduction
High-performance compact heat exchangers containing microchannels have great potential for future high-heat-flux mechanical and electronic systems on the ground and space. Therefore, there are a growing number of studies on two-phase and boiling heat transfer in mini and microchannels. Thus far, the research on flow boiling in microtubes, was conducted on many parallel tubes simultaneously. 1, 2) However, in order to understand the fundamental mechanism of boiling in a microchannel, experiments using a single microtube are very important, because such boiling phenomena are simpler than those in parallel microchannels. Recently, there have been many reports of flow boiling experiments using a single metallic microtube. For example, an experiment on saturated flow boiling using the refrigerant R134a in vertical circular tubes with inner diameters of 1.7, 1.22, and 0.826 mm, and a uniformly heated length of 220 mm was conducted by Owhaib et al. 3) . The saturated flow boiling heat transfer coefficient was found to be nearly independent of vapor quality, x, and mass velocity, but highly dependent on heat flux for x < 0.6. They also reported that flow boiling heat transfer coefficients were higher for smaller diameter tubes. Diaz et al. 4) , reported a flow boiling experiment in a single 0.3 × 12.7 mm rectangular channel made from nickel alloy Inconel 600, using water and ethanol as test fluids. Infrared thermography was used to register the outer wall temperatures of the channel. For water, high amplitude oscillations were found, and the heat transfer coefficient was found to decrease with increasing quality. On the other hand, the trend observed for ethanol was different and complex after the low quality region: the heat transfer coefficient increased with increasing quality at low heat flux. At higher heat flux, the heat transfer coefficient decreased with quality. Ohta et al. 5) reported the effects of flow fluctuation at a test section inlet on flow boiling heat transfer using FC-72 as the test fluid in a horizontal tube with a diameter of 0.51 mm. Their experimental results show that the data obtained using a low-power pump can never be inherently consistent with those obtained from strictly constant inlet flow rate conditions. One common drawback of the abovementioned studies is that a metallic test tube was used, which prevents the observation of bubble motion. Therefore, detailed study on the relationship between boiling bubbles and heat transfer characteristics is difficult.
To observe the boiling bubble behavior, a glass tube coated with an ITO thin film on the outer wall of the tube is typically employed. For example, Yen et al. 6) conducted a flow boiling experiment in single circular and square channels with a 214-µm hydraulic diameter. The channels were made from Pyrex glass with ITO film coated on their outer wall, which permitted the visualization of flow boiling behavior simultaneously with measurement of local heat transfer using thermocouples attached to the outer wall. Their experimental results show that the local heat transfer coefficient increased with decreasing vapor quality. However, the abovementioned method can measure only the outer wall temperature of the glass tube. Because the thermal conductivity of Pyrex glass is low, there is a time delay between the actual inner wall temperature fluctuation corresponding to bubble motion and the outer wall temperature fluctuation.
For a detailed study of flow boiling in microchannels, we developed a transparent heated microtube by electroless gold plating. This method can be used for gold film coating of objects of a variety of shape or dimension. We successfully coated a thin gold film on the inner wall of a tube with a diameter of 0. 13.6 mm and a length greater than 200 mm 7) .
In this present study, we will report the relationship between the fluctuations of inner wall temperature and flow rate using a transparent heated microtube.
Experimental apparatus and conditions

Test loop
A schematic diagram of the test loop designed and used for the present experiment is shown in Fig. 1 . The test fluid was deaerated and deionized water. The working fluid flowed from the water tank through the twin plunger pump, flow meter, and preheater into the test section. The system was operated as an open loop. DC power was applied from both ends of the tube to the gold film. A CCD camera (Toshiba Co. Ltd., IK-CU44, 30 frames/s) was used for flow visualization in the microtube.
A high-power twin plunger pump (GL Science Inc., GL-7410), and a flow meter (Alicat Scientific Inc., L-10CCM-D) were employed. The accuracy of the flow meter was ±2%. In this study, the flow meter was set up 450 mm upstream from the inlet of the heated tube. Figure 2 shows a detailed drawing of the test section. To decrease outside influence and minimize the heat loss from the inner wall to the outer wall of the heated tube, the test section was surrounded by a Pyrex glass cylinder vacuum chamber. A single transparent heated microtube was installed in the test section. The tube was made of Pyrex glass, and had an ID of 1 mm and an OD of 6 mm. The temperature measurement length of this tube was 30 mm. Copper blocks were installed at both ends of the microtube. The glass tube ID was 1mm, and the 90-mm preheated region and the subsequent 10-mm developing flow region were set upstream and downstream, respectively. The test section was oriented vertically, and flow direction was upward.
Test section
Experimental conditions
The liquid subcooling temperature was set at 10 K using a preheater. The inlet and outlet liquid temperatures were measured by K-type thermocouples inserted in copper blocks at the inlet and outlet of the transparent heated microtube. The outer wall temperature of the tube was measured using a solder-mounted thermocouple at the center of the heated tube. A twin plunger pump was employed to provide a constant mass velocity G at 100 kg/m 2 s, and the flow rate and its fluctuations were monitored by a flow meter. The flow stability in the case of single-phase flow is shown in Fig. 3 . The constant flow rate was achieved within the error of ±2%. The voltages of the gold film, standard resistance, and flow meter signal were recorded at 100 Hz by a data logger. Temperature data of the inlet and outlet at the heated tube, and the outer wall of the heated tube were obtained at 10 Hz by the logger. In the present study, the fluctuations of T out , T inlet , and T outlet were less than ±0.2 K, and were very small compared to the fluctuation of the inner wall temperature. Therefore, these fluctuations could be ignored, and we assume that the values are constant for the calculation of heat transfer coefficient. 
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Experimental results
The experimental results-the histories of inner wall temperature T w , heat transfer coefficients h w , and mass velocity G-are shown in Fig. 4 There is a time delay in Fig. 7 (c) as the change in the length of the elongated bubble is extremely large and rapid. However, normally, decrease and increase in the inner wall 
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temperature coincide with increase and decrease in the void fraction, respectively.
Conclusion
In the present study, an experiment of flow boiling in a single microtube was performed. For studying the relationship between the flow behavior and characteristics of heat transfer in detail, a transparent heated microtube, whose inner wall was coated with a thin gold film, was employed. Boiling behavior could be clearly observed, and measurement of the inner wall temperature was conducted simultaneously with direct heating of the film using the tube. The experimental conditions were as follows: tube diameter, 1 mm; inlet liquid subcooling, 10 K; mass velocity, 100 kg/m 
